This paper describes an experimental study on development of giant magnetoresistance material based on cobalt ferrite (CoFe2O4). We have successfully developed a new giant magnetoresistance material based on CoFe2O4 i.e; sandwich (CoFe2O4/CuO/CoFe2O4), spin valve (FeMn/CoFe2O4/CuO/CoFe2O4), and organic giant magnetoresistance (CoFe2O4/Alq3/CoFe2O4) using dc-opposed target magnetron sputtering method. Crystalline structure and morphology of thin films were characterized by X-ray diffraction and scanning electron microscope. The electrical properties were characterized using a four-point probe and magnetic properties were characterized using a vibrating sample magnetometer. In sandwich structure, the giant magnetoresistance ratio maximum are found at room temperature in CoFe2O4/CuO/CoFe2O4 thin film is 70% when CoFe2O4 and CuO layer thickness are 62.5 nm and 14.4 nm, respectively. The maximum of giant magnetoresistance ratio of the spin valve structure obtained is 32.5% at FeMn layer thickness of 45 nm. Meanwhile, in organic giant magnetoresistance the maximum value of the giant magnetoresistance ratio are approximately 35.5% at room temperature.
Introduction
The giant magnetoresistance (GMR) material promises some important applications, which has many attractive features, for example: low price as compared to other magnetic sensors, its electric and magnetic properties can be varied in very wide range, low-power consumption, and reduction size [1] . Until now, the GMR material is still experience the process of research and development by the researcher. These materials are; metal [1] , alloy [2, 3] , semiconductors [4] , organic semiconductors [5] and magnetic oxide [6, 7] .
Ferrite is one of the candidates of the magnetic oxide that could potentially be used as a constituent layer GMR [8, 9] . Ferrite is ferrimagnetic oxide with a Curie temperature above room temperature. Below the Curie temperature, as well as ferromagnetic materials, ferrimagetic exhibit the same behavior that the presence of spontaneous magnetization at room temperature because it has a total magnetic moment is not zero, has a saturated magnetic domain and shows the hysteresis phenomenon [10] .
One of the family ferrite used in this study were of cobalt ferrite (CoFe 2 O 4 ) which has the Curie temperature 520
• C [10] . Moreover, the CoFe 2 O 4 has several advantages that have Curie temperature and saturation magnetization relative high, good chemical stability [11] , easily prepared and relative cheap. Recently, the CoFe 2 O 4 has been used in spintronic devices as a layer * corresponding author; e-mail: mitra@fi.itb.ac.id in the spin valve [8] and spin filter [9] . In this paper, we report the development of GMR material based on CoFe 2 O 4 with three structures i.e. sandwich, spin valve, and organic GMR using dc-opposed target magnetron sputtering method.
Experimental
The GMR thin films were prepared by opposed target magnetron sputtering onto silicon substrate. The deposition parameters are; time of growth was varied (corresponding to GMR thickness), flow rate of Argon gas of 100 sccm, deposition pressure of 0.54 Torr, plasma voltage of 600 V and growth temperature of 100 O C. The crystalline structure and morphology of thin films were characterized by X-ray diffraction (XRD) and scanning electron microscope (SEM). The magnetoresistance (MR) ratio of films was investigated using four point methods with current perpendicular plane. All measurements were conducted in room temperature.
Result and discussion
An experimental study on development of GMR materials based on cobalt ferrite using dc-OTMS method will describe in this section.
The One of the microstructure parameters were analyzed in this study is the size of crystallites. Crystallite size can be estimated by using the Scherrer formula in Eq. (1) [12] .
where d is the grain size, λ is the wavelength of Xray, β is the FWHM (full width at half maximum) of the diffraction peak (β expressed in radians), θ is the Bragg diffraction angle, and K is the Scherrer constant. Based on the results of the calculation of crystallite size and measurement GMR ratio for the sandwich of CoFe 2 O 4 /CuO/CoFe 2 O 4 can be studied the effect of crystallite size on the GMR ratio as shown in Fig. 2 . In this figure, the maximum GMR ratio is obtained when the small grain size. This value occurs for CoFe 2 O 4 sandwich with a thick layer of 44.4 nm which has a maximum GMR ratio with a value of 70%. In theory particles with small size indicate the surface to volume ratio is greater, so it has a relatively large contribution to the GMR effect [13] . It is related to the scattering at the surface is larger when a small particle size. As is known, that the magnetoresistance associated with spin dependent scattering and, thus GMR ratio becomes larger when the scattering is larger.
Effect of CuO layer thickness
In the experiments, the parameters are varied thickness of CuO, while CoFe 2 O 4 thickness fixed at 62.5 nm. The GMR ratio of CoFe 2 O 4 /CuO/CoFe 2 O 4 as a function of CuO layer thickness is shown in Fig. 3 . In this study, it was found the negative value of magnetoresistance ratio, which means the resistance of the material decrease with increasing of applied magnetic field. Figure 3 shows the GMR ratio decreases with increasing of the CuO layer thickness. When the CuO layer thickness increases, the conductivity through the GMR layer becomes very dominant and spin-dependent scattering is not effective, so the GMR ratio is reduced. To explain the above mentioned experimental findings, we propose an indirect exchange coupling model, which was well known in a layered system containing two ferromagnetic layers and a nonmagnetic spacer relate to the oscillatory interlayer coupling [14] .
Energy per unit area of the interlayer exchange coupling is expressed by Eq. (2) [15] .
where M 1 , M 2 is magnetization in each ferromagnetic (FM) layer, ∆ϕ is angle between M 1 and M 2 and J 1 is As shown in Fig. 4 , the maximum value of the GMR ratio found in the CoFe 2 O 4 layer thickness of 62.5 nm. The maximum position is assumed to be related to the location of the center of the spin dependent scattering in a layer of ferro/ferri-magnetic [16] . The GMR ratio increased with increasing CoFe 2 O 4 thickness, for thickness less than 62.5 nm. However, when the CoFe 2 O 4 layer thickness larger (greater than 62.5 nm), the value of the GMR ratio decreases with increasing the CoFe 2 O 4 thickness.
Development of Giant Magnetoresistance Material Based on Cobalt Ferrite
Explanation for this phenomenon, we propose appears an inactive part in the CoFe 2 O 4 layer which shunt the current, and will reduce the GMR ratio. The CoFe 2 O 4 layer can be divided into active and inactive region. Active part will give the main contribution to the GMR ratio while inactive part will shunt the current and reduce the GMR ratio. The above explanation refers to the work by Dieny et al. [16] when describing the phenomenological theory of GMR spin valve.
CoFe
Growth of thin film of GMR spin valve structure has been done by varying the deposition time. Spin valve structure consists of sandwich structure that given a pinned antiferromagnetic layer of FeMn. The CoFe 2 O 4 and CuO layer thickness were 47.5 nm and 14.4 nm, respectively, while FeMn layer thickness are varied between 30 nm to 60 nm.
The GMR ratio of a thin film of CoFe 2 O 4 /CuO/CoFe 2 O 4 /FeMn spin valve as a function of FeMn layer thickness is shown in Fig. 5 . The maximum GMR ratio of 32% was obtained on a sample with a FeMn layer thickness of 45 nm. FeMn has a high resistive layer (95 µΩcm) that is used to lock the magnetization in the ferrimagnetic layer through the exchange anisotropy. When the magnetic field is reversed (negative direction), the magnetoresistance effect does not occur, this is caused by the presence of layer of FeMn antiferromagnetic which only just passed one direction of magnetization. The maximum value of GMR ratio 35% was obtained at room temperature for 15 minutes time of growth.
As shown in Fig. 6 , the GMR ratio is not monotonically decreases with the thickness of each layer in It seems that the different applied voltage in layers growing process accidentally enhances the GMR ratio, as it is used in electrical conditioning [16] . It has been found that with increasing the applied voltage, the GMR ratio also increased, as shown in Fig. 7 . • C, argon gas flow rate of 100 sccm, deposition pressure 0.54 Torr, and the plasma voltage of 600 volts, while time of growth can be varied. In sandwich structure, the GMR ratio is influenced by CuO and CoFe 2 O 4 layer thickness. The maximum value of GMR ratio obtained from the sandwich structure is 70% at CoFe 2 O 4 and CuO layer thickness of 62.5 nm and 14.4 nm, respectively. Meanwhile, the maximum GMR ratio of the spin valve structure and organic GMR are 32.5% and 35.5%, respectively.
